The human mitochondrial translational initiation factor 3 (IF3 mt ) carries mitochondrial-specific amino acid extensions at both its N and C termini (N-and C-terminal extensions [NTE and CTE, respectively]), when compared with its eubacterial counterpart. Here we present 3.3-to 3.5-Å -resolution cryoelectron microscopic structures of the mammalian 28S mitoribosomal subunit in complex with human IF3 mt . Unique contacts observed between the 28S subunit and N-terminal domain of IF3 mt explain its unusually high affinity for the 28S subunit, whereas the position of the mito-specific NTE suggests NTE's role in binding of initiator tRNA to the 28S subunit. The location of the C-terminal domain (CTD) clarifies its anti-association activity, whereas the orientation of the mito-specific CTE provides a mechanistic explanation for its role in destabilizing initiator tRNA in the absence of mRNA. Furthermore, our structure hints at a possible role of the CTD in recruiting leaderless mRNAs for translation initiation. Our findings highlight unique features of IF3 mt in mitochondrial translation initiation.
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INTRODUCTION
Mitochondria are believed to have originated from the a-proteobacteria following an endosymbiotic event, in which the latter was engulfed by a primitive eukaryotic host cell (Gray et al., 2001) . Although mitoribosomes have retained several structural and functional similarities from their bacterial ancestors, they acquired several novel features. One remarkable difference is the considerable truncation of the rRNAs in the mitoribosomes compared with their bacterial counterparts (Anderson et al., 1981) . However, the loss of rRNA is partially compensated for by the acquisition of several mitochondrial-specific ribosomal proteins and extensions and/or insertions in the ribosomal proteins that have bacterial homologs (Amunts et al., 2015; Brown et al., 2014; Greber et al., 2014 Greber et al., , 2015 Sharma et al., 2003) . Although the overall steps of protein synthesis in mammalian mitochondria appear to be similar to those in bacteria, there are several key differences in terms of the interaction of mitoribosome with the mRNAs, the tRNAs, and the mitochondrial translational factors (Christian and Spremulli, 2012; Lightowlers et al., 2014; Sharma et al., 2013) .
Translation initiation in bacteria has been widely explored through biochemical and structural studies, and the roles of all the three canonical bacterial initiation factors IF1, IF2, and IF3 are well established. All three IFs are essential for translation initiation in bacteria (Boelens and Gualerzi, 2002) , whereas in mammalian mitochondria, homologs of only two bacterial factors, IF2 mt and IF3 mt , have been identified Spencer and Spremulli, 2005) . However, a mito-specific 37-amino-acid (aa)-long insertion domain in IF2 mt has been proposed to mimic the function of bacterial IF1 during translation initiation in mammalian mitochondria (Gaur et al., 2008; Kummer et al., 2018; Yassin et al., 2011) . In mimicking the function of IF1, the insertion domain in IF2 mt sterically blocks the binding of initiator tRNA to the ribosomal A site (Yassin et al., 2011) . IF2 mt has been biochemically characterized in vitro, and it was shown to stimulate the binding of formyl-methionyl (fMet)-tRNA fMet to the small (28S) ribosomal subunit in the presence of mRNA (Ma and Spremulli, 1995; Spencer and Spremulli, 2005) .
In bacteria, IF3 has been assigned multiple functions including discriminating elongator tRNAs from initiator tRNAs (Hartz et al., 1990; , promoting the dissociation of fMet-tRNA fMet at AUG codons on leaderless mRNAs (Tedin et al., 1999) , and preventing the premature association of the 50S subunit with the 30S subunit until the formation of a proper pre-initiation complex Kaji et al., 2001; Zavialov et al., 2005) . IF3 has also been implicated in the ribosome recycling process, although its exact role in this process has not been established. Bacterial IF3 has been reported to actively participate in the ribosomal subunit splitting event together with EF-G and RRF (Hirokawa et al., 2002; Kaji et al., 2001) . At the same time, it has been suggested to act passively by removing the deacylated tRNA from the 30S subunit after the latter is dissociated from the 70S particle (Karimi et al., 1999; Zavialov et al., 2005) . IF3 mt stimulates the formation of initiation complexes at the 5 0 -terminal start codon on leaderless mRNAs that are specific to mitochondria (Christian and Spremulli, 2010) . Unlike its bacterial homolog, which acts as an anti-association factor, IF3 mt actively splits the 55S mitoribosomes by shifting the equilibrium between the 55S monosome and its two subunits (small 28S and large 39S) toward subunit dissociation . IF3 mt has also been shown to dissociate the initiator fMet-tRNA fMet from the 28S subunit in the absence of mRNA (Bhargava and Spremulli, 2005; . Using an E. coli translation system, IF3 mt has been shown to promote the binding of initiator tRNAs containing the conserved 3GC base pairs in the anticodon stem (Ayyub et al., 2017) .
Mammalian IF3 mt has diverged considerably from its bacterial counterparts and retains only 20% to 25% sequence homology . Although the basic domain organization is very similar to bacterial IF3 comprising N-and C-terminal domains that are connected through a flexible linker, the mammalian mitochondrial factor has additional 30-aa-long extensions flanking both its termini (Bhargava and Spremulli, 2005; . Deletions of these extensions have negative effects on the function of IF3 mt during the initiation phase. Deletion of the C-terminal extension (CTE) renders the factor ineffective in destabilizing the incorrect initiation complexes, whereas deletion of the N-terminal extension (NTE) significantly increases the affinity of IF3 mt for the 39S subunit (Bhargava and Spremulli, 2005; . To further investigate the function of IF3 mt in mitochondrial translational initiation and to understand the precise role of the mito-specific NTE and CTE, we have determined the cryoelectron microscopic (cryo-EM) structures of the human IF3 mt bound to the bovine (Bos taurus) 28S subunit at 3.3 to 3.5 Å resolution.
RESULTS AND DISCUSSION

Position of IF3 mt on the 28S Mitoribosomal Subunit
We obtained a complex between the bovine 28S subunit and the human IF3 mt by incubating the two components at 37 C for 5 min and obtained a 3D cryo-EM structure at 3.1 Å resolution (Figures S1C, S1D, and S2A). The map showed a strong density for readily recognizable body and platform domains of the subunit, whereas the density for the head domain was relatively weak, suggesting a conformational heterogeneity in the head domain. Moreover, a density corresponding to IF3 mt could be readily identified in the map. To improve the density for the head domain, the dataset of 198,355 selected images was subjected to 3D classification, which yielded two major IF3 mt -bound 28S mitoribosomal classes and a minor class that contained unusable images ( Figure S1C ). When the cryo-EM maps of the two IF3 mt -bound classes were superimposed, the head regions of the two 28S subunit maps show relative rotation. The 28S-IF3 mt complex that has conformation similar to that of the 28S subunit in the published human and porcine 55S mitochondrial ribosomal structures (Amunts et al., 2015; Greber et al., 2015) is referred to as Class I (resolution 3.5 Å ) (Figures S2B and S3A; Table S1), and the class with conformational deviation is referred to as Class II (resolution 3.3 Å ) ( Figures S2C and S3B ; Table S1 ). Between the two classes, rotation of the head domain along the 12S rRNA helix 28 (h28, base G524 served as the pivotal point of rotation) was estimated to be around 4.5 ( Figure S3C ). A similar type of head movement, generally known as head swiveling, has been reported previously in bacterial (Ratje et al., 2010; Schuwirth et al., 2005) and mammalian mitochondrial ribosomes (Amunts et al., 2015) .
In both Class I and Class II maps a well-defined density, corresponding to two globular domains that were separated by a narrow helical region, could be readily identified as IF3 mt ( Figures 1A-1C and S4). However, despite substantial head movement, the position of IF3 mt in the two classes remained almost unchanged ( Figure S5A ). Most of the interactions and conclusions presented in the upcoming sections of this article are based on Class II 28S-IF3 mt complex, as it contained a better resolved IF3 mt than in Class I and enabled near-atomic interpretations. Human IF3 mt is composed of 278 aa where the first 31 residues constitute the mitochondrial target sequence (MTS) (Bhargava and Spremulli, 2005; , a signal sequence necessary for the transport of IF3 mt into the mitochondria. After the MTS is cleaved, the mature IF3 mt is left with 247 aa that fold into two globular domains ( Figures 1C  and 1D ). The overall binding position of IF3 mt on the 28S subunit is consistent with the earlier published cryo-EM reconstructions of bacterial IF3 in complex with the 30S subunit Julian et al., 2011; McCutcheon et al., 1999) and site-directed hydroxyl radical probing experiments on 30S-IF3 complexes (Dallas and Noller, 2001; Fabbretti et al., 2007) . The NTD is made up of a single a helix and four b sheet strands, whereas the CTD is composed of a four-stranded b sheet that is packed against two a helices ( Figure 1C ). The domains are connected through a helical linker region that confers conformational flexibility to both globular domains ( Figure 1C ). In the following sections, we describe the molecular interactions between the 28S subunit components and IF3 mt , starting with the NTD, linker, CTD, and finally, mito-specific NTE and CTE.
Interactions of the NTD
Of the two globular domains of IF3 mt , its NTD binds closer to the cliff of the 28S subunit platform, in a position similar to that of the NTD of IF3 in the eubacterial complex. However, despite having a structural fold similar to that in a bacterial IF3 ( Figure S5B ), the orientation of the NTD in the mitoribosome structure is significantly different from that observed in the published bacterial 30S-IF3 complex structures (Figure S5C) . None of the reported bacterial structures show any interaction between the NTD of IF3 and the 30S subunit . In the mitochondrial complex, the NTD of IF3 mt is oriented much closer to the 28S small subunit than the NTD of IF3 in any of the three 30S-IF3 complexes. This orientation allows the NTD to make multiple interactions with the adjacent ribosomal components such as mitoribosomal protein (MRP) uS11 and 12S rRNA helix 23 (h23). Despite the slightly lower resolution of the NTD ( Figure S4 ), some of its bulky aa side chains could be traced. Arg80 in the NTD of IF3 mt is found in close proximity to Ala137 and Ala140 of uS11m, whereas the adjacent Lys81 of the NTD is positioned close to Glu118 and Phe120 of the same MRP (Figure 2A ). Val78 from the loop region of the NTD contacts the sugar moeity of h23 nucleotide (nt) A333, and the adjacent Phe75 is located in the vicinity of h23 nts G334 and C346 in an apparent stacking interaction ( Figure 2B ). It is highly likely that one of the major functions of the NTD of IF3 mt is to provide additional anchoring points to enhance its affinity for the 28S subunit. This interpretation is consistent with the observation that the CTD in isolation can be readily displaced from the 28S subunit by the 39S subunit, whereas the full-length factor with the intact NTD binds much tighter and is difficult to displace from the 28S subunit . Furthermore, the NTD of IF3 mt has been shown to bind independently to the 28S subunit with high affinity (Christian and Spremulli, 2012; , whereas the NTD of its bacterial counterpart cannot interact with the 30S subunit without the presence of its CTD partner and the linker (Petrelli et al., 2001) . Thus, unique interactions observed in our structure suggest a greater role for the IF3 mt NTD in mitochondrial translation initiation than that of its counterpart in eubacterial translation.
Interactions of the Linker
The linker region connecting the NTD and CTD is located on the rim of the 28S platform such that it runs over h23 of the 12S rRNA toward the P-site. Other than acting as a physical link between the NTD and CTD of IF3, the precise role of the linker region is not known in bacterial IF3 (Petrelli et al., 2001) . However, in mitochondria the linker seems to enhance the affinities of both the NTD and the CTD for the 28S subunit . In bacteria, the only connection identified between the linker and the 30S ribosomal subunit is through a Tyr residue (Tyr75 according to E. coli numbering) that interacts with the C701 from h23 of the 16S rRNA . Tyr75 of IF3 is highly conserved among bacteria and was suggested to play a crucial role in start codon discrimination and the selection of initiator tRNA . Surprisingly, this important residue is not present in IF3 mt . Instead, we find that two Arg residues (Arg140 and Arg144) and a Leu137 residue in IF3 mt anchor the linker to the 28S platform by making multiple interactions with the 12S rRNA nts A333, G334, C345, and C346 of h23 ( Figure 2C ). Both the Arg residues are conserved in mammalian IF3 mt ( Figure S6A ) and could have evolved to compensate for the loss of a single Tyr residue in eubacterial IF3 that was capable of providing stacking interactions.
Interactions of the CTD
The CTD of IF3 mt is positioned on the 28S platform in the vicinity of the P-site, and it interacts with several components of the 12S rRNA, including helices h24, h44, and h45. The rRNA nts from h24 provide the majority of the contact points for the CTD binding. Multiple nts from the apical loop of h24, including A424, G425, and U427 interact with the CTD residues Lys159, Glu160, Leu161, Ile162, Thr174, and Gln178 ( Figures 3A and 3B ). nts U914 and C915 from h44 provide additional contact points by interacting with Ile167 and Asp171, respectively, whereas G936 from h45 interacts with His170 and Thr174 of IF3 mt CTD ( Figures 3C and 3D ). The majority of the aa residues that are involved in 28S-CTD interactions are conserved among human mitochondria and bacteria ( Figure S6C ) and are also reported in CTD-30S interactions in bacteria . It should be noted that the sequence conservation between the human mitochondrial and bacterial IF3s is less than 25% . This kind of structural and functional conservation among two highly distinct kingdoms of life shows that although mitochondrial ribosomes diverged considerably from their bacterial ancestors, they retained key aa and nt residues to perform very specific functions.
In the 28S-IF3 mt complex, the position of the CTD is such that it would prevent the joining of the 39S subunit with the 28S subunit by directly interfering with the formation of two of the conserved inter-subunit bridges, B2a and B2b. The formation of bridge B2a requires binding with its partner helix 69 (H69) from the 16S rRNA in the 39S subunit ( Figure 3E ), Bridge B2b engages h24 from the 28S subunit and H67 from the 39S subunit (Greber et al., 2015; . The location of the CTD would also prevent docking of the mitospecific P-site finger (protein mL40) from the 39S subunit during 55S formation ( Figure 3E ). The CTD of IF3 mt thus safeguards the 28S subunit until a proper pre-initiation complex composed of IF2 mt , mRNA, and initiator tRNA has been formed, a mechanism that has been well described for the bacterial system .
Interactions of the Mito-Specific N-and C-Terminal Extensions
As described earlier, IF3 mt possesses extensions on both its termini (Bhargava and Spremulli, 2005; . The roles of these extensions during IF3 mt -mediated mitochondrial initiation has been characterized through biochemical and mutational studies (Ayyub et al., 2017; Bhargava and Spremulli, 2005; , but the function of these extensions at the molecular level was not known. Structure of the 28S-IF3 mt complex presented here has helped us to directly visualize the interactions of both the NTE and CTE with the 28S subunit components and has enabled us to interpret their functional roles in mitochondrial translational initiation.
Role of the NTE
Using bacterial translation system, it was previously reported that IF3 mt plays a role in maintaining translational fidelity by recognizing initiator tRNAs possessing the conserved 3GC base pairs in the anticodon stem and the NTD of IF3 mt was proposed to be an important contributor to this function (Ayyub et al., 2017) . However, structures of the bacterial 30S-IF3 complexes did not place the NTD anywhere close enough to the anticodon stem of the initiator tRNA to allow a direct interaction ) that would support a role of the NTD in discriminating against the non-initiator tRNAs. Similarly, in our 28S-IF3 mt structure, the core of the NTD would not be positioned close to the 3GC pairs of the initiator tRNA, suggesting that the role of NTD of IF3 mt in tRNA discrimination could only be indirect ( Figure 4A ). It was proposed that binding of IF3 induces conformational changes in the small subunit, allowing the conserved 16S rRNA bases G1338 and A1339 (according to E. coli numbering) to recognize the 3GC base pairs of the initiator tRNA through A-minor interactions (Dallas and Noller, 2001) . Subsequent mutational studies (Lancaster and Noller, 2005) and crystallographic structures of the bacterial 70S ribosome complexes (Korostelev et al., 2006; Selmer et al., 2006) , showing close proximity of G1338 and A1339 to the 3GC base pairs of the bound P-site tRNA, further cemented the importance of these rRNA residues in stabilizing the initiator tRNAs. Moreover, as the mammalian mitochondria carries a single tRNA Met with 3GC base pairs (Anderson et al., 1981) that is involved in both translation initiation and elongation steps, its 3GC base pair feature appears to be relevant during the initiation step in the selection of tRNA Met against the rest of the mitochondrial tRNAs.
Together with 3GC base pair interactions, additional interactions between the anticodon region and the ribosomal components have been proposed to be necessary for stable binding of the initiator tRNAs (Dallas and Noller, 2001) . The highly conserved A790 located at the tip of h24 is known to interact with the anticodon region of the initiator tRNA and plays a crucial role during bacterial translation initiation (Fabbretti et al., 2007) . In our Class II cryo-EM map, we found an additional low-resolution density close to the loop region of IF3 mt -NTD that would extend from the core of the NTD toward the ribosomal P-site and could be readily assigned to the NTE of IF3 mt (Figures 1C and 4B) . The low resolution of the density did not allow us to model the NTE at the side chain level, but the backbone of the polypeptide chain Figure 3 . Interactions of the IF3 mt CTD with the 28S Subunit and its Anti-association Property (A-D) (A and B) The CTD (orange) provides major anchoring points for the stable binding of IF3 mt by interacting with several 12S rRNA helices such as h24 (purple) and (C and D) h44 (cyan) and h45 (magenta). Thumbnails at the center represent overlaid positions of the ligands relative to the overall orientation to the 28S subunit (yellow). (E) The CTD (orange) of IF3 mt in its present conformation would prevent the association of 39S subunit with the 28S subunit by sterically blocking the formation of the central inter-subunit bridge, B2a, between h44 of the 28S subunit with H69 (blue), as well as docking of the mito-specific P-site finger (PSF, protein mL40, pink) from the large subunit. Landmarks on the thumbnail: CP, central protuberance of the large subunit; rest of the labels are the same as in Figure 2. could be traced. The NTE is positioned to make multiple interactions with h24 of the 12S rRNA thus aiding the high affinity of IF3 mt for the small subunit. Most importantly, the NTE interacts with h24 carrying residue A424 (A790 in E. coli), and therefore, it is conceivable that the NTD through its NTE influences the binding of initiator tRNA in the P-site of the mitoribosome.
Role of the CTE
The high resolution of our structure allows us to model the CTE, except for the last 14 aa residues due to inconsistent local electron microscopic density. The CTE is composed of a single a helix, which is linked to the core CTD through a flexible loop region ( Figures 1C and 5A ). In the 28S-IF3 mt complex, it is positioned away from the rim of the 28S platform and extends into what would be the inter-subunit side in a 55S mitoribosome complex. Interestingly, this is the only segment from the IF3 mt that does not interact with any component of the 28S subunit. Although it does not have direct contacts with the 28S subunit, it is known to play an important role in mitochondrial translational initiation. When we superimposed our 28S-IF3 mt structure on the structure of the mammalian mitochondrial 55S ribosome initiation complex comprising human IF2 mt and initiator tRNA (M.R.S., R.K.K., N.K. Banavali, M.E.H., L.L.S., and R.K.A., unpublished date; Kummer et al., 2018) , the CTE would prevent the binding of the initiator tRNA in the P-site position, as the a-helix of the CTE would be in steric clash with both the tRNA acceptor arm ( Figure 5A ) and domain VI of IF2 mt (Figure 5B) . Biochemical studies have suggested that IF3 mt has the ability to destabilize the fMet-tRNA from the P-site of the 28S subunit in the absence of mRNA, but not if the 28S has a preloaded mRNA before the addition of fMet-tRNA (Bhargava and Spremulli, 2005; Christian and Spremulli, 2009 ). This unique function of IF3 mt in sensing the precise order of events during mitochondrial initiation has not been reported in the bacterial system. Furthermore, the ability of IF3 mt to dissociate the initiator tRNAs from the P-site in the absence of an mRNA is completely abolished if the CTE is removed from the factor (Bhargava and Spremulli, 2005; Christian and Spremulli, 2009 ). As our 28S-IF3 mt complexes were devoid of an mRNA, the CTE is positioned in such a way that no tRNA binding would be allowed in the P-site. Without its CTE, the CTD alone would not be able to provide such steric hindrance to the P-site tRNA accommodation, explaining why this mito-specific mechanism is not observed in bacterial translation initiation, where IF3 lacks the CTE.
Still the question remains how does IF3 mt detect the presence of a bound mRNA and prevent the accommodation of the initiator tRNA in the absence of the mRNA. Our analysis of the ribosomal environment Kummer et al., 2018) in the absence of mRNA. Detection of mRNA by the CTD (orange) allows tRNA binding in the P-site by changing the conformation of its CTE. The loop connecting the CTE with the rest of CTD permits conformational flexibility, enabling the CTE to adopt multiple positions (depicted in light green) away from the acceptor arm of the initiator tRNA. (B) Absence of mRNA in our 28S-IF3 mt complex positions the CTE in an orientation that will also occlude the binding of domain VI of IF2 mt (dark pink). (C) The CTD (orange) of IF3 mt is positioned on the 28S subunit with two of its conserved lysines (K194 and K197) oriented toward the bound mRNA (light pink). Thumbnail to the left depicts an overall orientation of the 55S mitoribosome, with 28S (yellow) and 39S (blue) subunits, and overlaid positions of ligands. Landmarks on the thumbnail: 28S subunit: h, head; b, body; pt, platform; 39S subunit: CP, central protuberance.
surrounding the CTD of IF3 mt helps providing an explanation for the ability of IF3 mt to detect the presence of the mRNA on the 28S subunit. Two Lys residues (Lys194 and 197) from the CTD of IF3 mt are oriented toward the bound mRNA when our structure is superimposed to the mammalian mitochondrial 55S-IF2 mt initiation complex ( Figure 5C ) (M.R.S., R.K.K., N.K. Banavali, M.E.H., L.L.S, and R.K.A., unpublished data; Kummer et al., 2018) . Both these Lys residues along with Lys195 and Gly196 residues (KKGK motif) are conserved among mammals ( Figure S6B ). One of these lysines (Lys194) is placed very close to the nts A1 and U2 from the bound mRNA. It is worth mentioning that the KKGK motif is substituted by a highly conserved FRGR motif in the bacterial factor and the second Arg (Arg133 according to E. coli numbering) was found to interact with the +4 base of the bound mRNA . This conserved Arg residue was proposed to function either to position the mRNA in place or to aid in codon-anticodon discrimination . We cannot rule out the possibility that these Lys residues (K194 and K197) might function to hold the start codon in position thereby compensating for the absence of the SD sequence in mitochondrial mRNAs (Temperley et al., 2010) . Considering their high level of conservation, particularly among mammals ( Figure S7 ), we assume that the CTD of IF3 mt would sense the binding of mRNA with the help of these Lys residues and communicate the signal to the CTE. Once the presence of the mRNA has been detected, the orientation of the CTE would be altered to allow the initiator tRNA to enter the P-site ( Figure 5A ). The sturdy a helix of the CTE is connected to the CTD through a loop that would confer a high level of flexibility to the CTE, and its strategic positioning in the inter-subunit side, without any interaction with the rest of the 28S-IF3 mt complex, would allow its multi-directional movements. Based on these findings, we propose a plausible model ( Figure 6 ) that could also be tested to help understand the mechanism of translation initiation in many other systems wherein IF3 possesses a CTE and mRNAs are leaderless. For example, in mycobacteria about one-third of the mRNAs are leaderless (Shell et al., 2015) and the IF3 in this organism possesses a CTE ( Figure S6D ).
In conclusion, our study provides the high-resolution structure of the mitoribosome-bound human IF3 mt and its mito-specific CTE and NTE, and their interactions with the mitoribosome, providing mechanistic explanations for several unique biochemical properties of IF3 mt . Superimposition with the structure of the 55S$fMet-tRNA i $IF2 mt complex allows us to interpret the role of the CTD and its mito-specific CTE in destabilizing the initiator tRNA in the absence of mRNA. Future structural studies capturing the simultaneous presence of mRNA and IF3 mt and mRNA, IF3 mt , and IF2 mt on the 28S subunit should provide further insights into the mechanism of mitochondrial translation initiation.
Limitations of the Study
The model proposed in this study ( Figure 6) is based on the structure of one of the functional states, i.e., binding of IF3 mt to the 28S ribosomal subunit before mRNA and tRNA binding. Thus the proposed model is subject to test by solving the structure of additional states including mRNA, initiator tRNA, and IF2 mt .
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. averages were refined to 3.1 Å. To remove conformational heterogeneity, the particles were subjected to 3D classification that yielded three different classes. After discarding the poorly aligned particles (Class III), particles corresponding to the other two classes were independently refined, to 3.5 Å (Class I), and 3.3 Å (Class II) (d) Fourier-shell correlation (FSC) curves of the final two maps that were used in our analysis. 
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Transparent Methods
Preparation of the 28S-IF3mt Complex: The mature form of human IF3mt was expressed and purified as described previously . Bovine mitochondrial 28S ribosomal subunits were prepared as described previously (Spremulli, 2007) . Complexes containing IF3mt bound to 28S subunits were assembled in reaction mixtures (20 μL) containing 1 μM 28S subunits, 10 μM IF3mt, 50 mM Tris-HCl, pH 7.6, 40 mM KCl, 7.5 mM MgCl2, 10% glycerol, 2 mM dithiothreitol and 0.1 mM spermine. Reaction mixtures were incubated for 20 min at 25 o C, divided into 5 μL aliquots, fast-frozen in a dry ice isopropanol bath and stored at -70 o C. The amount of IF3mt bound to the 28S subunits was measured using a quantitative immuno dot blot using antibodies to bovine IF3mt as described previously . This analysis indicated that the complexes contained greater than 0.9 mol IF3mt/mol 28S subunits. For cryo-EM analysis, the 28S-IF3mt complex was diluted to 100 nM with buffer containing 10 mM Tris-HCl, pH 7.6, 20 mM MgCl2, 40 mM KCl, 1 mM DTT, 0.1 mM spermine and 5% glycerol, and then incubated for five min at 37°C prior to loading on the grids.
Cryo-Electron Microscopy and Image Processing:
Home-made carbon was coated as a continuous layer (~ 50 Å thick) onto Quantifoil holey copper 1.2/1.3 grids, which were then glow-discharged for 30 s on a plasma sterilizer. After loading 4 µl of the sample to the grids, they were incubated for 15 s at 4°C and 100% humidity and then blotted for 4 s before flash-freezing into the liquid ethane using a Vitrobot (FEI).
Data was acquired on a Titan Krios electron microscope equipped with a Gatan K2 summit direct-electron detecting camera at 300 KV. A defocus range of -1.0 to -3.0 µm was used at a calibrated magnification of 22,500 X, yielding a pixel size of 1.07 pixels Å on the object scale. A dose rate of 7 electrons per pixel per s and an exposure time of 10 s resulted in a total dose of 70 eÅ -2 . Out of the 2,435 micrographs that were collected, 2,095 were selected after determining their contrast transfer function (CTF) using CTFFIND3 (Rohou and Grigorieff, 2015) . The data was then processed in Relion 2.0 (Scheres, 2012) where a total of 320,824 particles were picked using its autopick function. All the downstream steps including 2D classification, 3D
